Reconnections among the produced colour dipoles in the Dipole Cascade Model are discussed, and an implementation in the Ariadne program is presented. The reconnections are shown to have only small e ects on event shapes at LEP 1, on the W mass determination at LEP 2 and on rapidity gaps in deep inelastic scattering at HERA.
Introduction
The e ects of colour reconnections in multiparton nal states has received some attention lately, not least because of the plans for measuring the W mass at LEP 2. Early work 1] indicated that such e ects could be quite large in e + e ? ! W + W ? ! jets, when the quark from one W decay forms a colour singlet with the antiquark of the other. However, later work 2, 3] showed that the e ects of reconnections are very small on the perturbative level due to the nite lifetime of the W, while e ects on the hadronization level still could a ect the measurement of the W mass to a small extent at LEP 2.
Recently, there have also been attempts to explain the sizeable fractions of events with a large rapidity gap in deep inelastic ep scattering (DIS) found at HERA 4, 5] in terms of colour reconnections 6{8]. The idea here is that thepair formed in ? g !events would form a colour singlet due to colour reconnections, and a rapidity gap would be formed between thispair and the proton remnant.
In this paper, a model for introducing colour reconnections in the Dipole Cascade Model 9, 10] is presented together with its implementation in the Ariadne 11 ] event generator program. The model follows closely the one suggested in ref. 12 ], but di ers in the details of the implementation, and in that it allows for more general studies of colour-reconnection e ects.
The model and its implementation are described in section 2, and studies of the resulting e ects on event shapes and multiplicities at LEP 1, on the W mass determination at LEP 2 and on DIS events at HERA are presented in sections 3, 4 and 5, respectively. Finally some conclusions are presented in section 6.
The model
The Dipole Cascade Model (DCM) for e + e ? annihilation and DIS is described in detail in refs. 9, 10, 13] and only a brief summary of the features that are important for this paper will be given here.
The emission of a gluon g 1 from apair created in an e + e ? annihilation event can be described as radiation from the colour dipole between the q and q. A subsequent emission of a softer gluon g 2 can be described as radiation from two independent colour dipoles, one between the q and g 1 and one between g 1 and q, neglecting the contribution from thedipole, which is suppressed by 1=N 2 c . Further gluon emissions are given by three independent dipoles etc. In this way, the end result is a chain of dipoles, where one dipole connects two partons, and a gluon connects two dipoles. This is in close correspondence with the Lund string picture, where gluons act as kinks on a string-like eld stretched between thepair.
In DIS, the gluon emission comes from the dipole stretched between the quark, struck by the electroweak probe, and the hadron remnant. The situation is the same as in e + e ? above, except that, while q and q are both point-like in the case of e + e ? , the hadron remnant in DIS is an extended object. This results in an extra suppression of radiation in the remnant direction.
The potentially large e ects of colour reconnections are perhaps most easily demonstrated in the case of e + e ? ! W + W ? ! jets events. Here, there is a probability of 1=N 2 c that the quark from one W decay could form a colour singlet with the antiquark from the other as in g. 1b. In the DCM, the connected quark{antiquark pairs would then form colour dipoles, which independently radiate gluons, and in the end the two systems would hadronize, again independently. It is clear that the two possibilities of colour connections in g. 1 would give rise to very di erent radiation patterns for the gluons and therefore also very di erent ows of hadrons in the nal state. The e ects of the W lifetime mentioned in the introduction will be discussed below.
The strategy of the implementation of colour reconnections in the DCM is to assign a colour index c i to each dipole i. The index is just a number chosen randomly in the interval 1; 9].
If and only if two dipoles have the same colour index, they may be allowed to reconnect, so that the colour end of one dipole forms a new dipole with the anticolour end of the other and vice versa. It is clear that this procedure works in the e + e ? ! W + W ? ! jets case in g. 1, but some care has to be taken to avoid unphysical colour ows.
First of all no adjacent dipoles can have identical colour indices. Otherwise the colour side of the connecting gluon would be allowed to form a dipole with the anticolour side of itself, resulting in a colour singlet gluon. Similarly, in g. 2 only in diagram (a) should the two gluons be allowed to reconnect to form a colour singlet system, since in diagram (b) they come from the same colour octet gluon.
In the DCM, however, the two diagrams in g. 2 are treated coherently, and they have do be divided up by hand afterwards. The chosen procedure is to assign the emitted gluon to one of the emitting partons according to the same scheme as that used for deciding which of the emitting partons takes the transverse recoil in an emission 10, 14] . If x 1 and x 3 are the nal state energy fractions of the original partons, the gluon is thus assumed to have been radiated from parton 3 with the probability
and vice versa.
The fact that two dipoles may reconnect from colour considerations does not mean that they must do so. Here the model of ref. 12] will be used, where only such reconnections will be performed, which minimizes the so-called lambda measure 15, 16] . This is a generalized rapidity measure, corresponding to the \length" of a Lund string, de ned as 
for a string with n colour-ordered partons with four-momenta p i ; m 0 is a hadronic mass scale around 1 GeV. The e ect is that partons close in momentum space are more likely to be colour connected, which is a sensible assumption.
The full colour-reconnection procedure now looks as follows:
1 After each gluon radiation from a dipole with colour index c 1 , the dipole between this gluon and the parton from which it is said to have been emitted according to eq. (1), is given a new colour index c 2 di erent from c 1 and, if the emitting parton was a gluon, di erent from the index of the neighbouring dipole. The dipole between the radiated gluon and the other parton retains the index of the original dipole c 1 .
2 For a gluon that is split into apair 17], the two connecting dipoles retain their colour indices. 3 After each emission, all pairs of dipoles with identical colour indices for which a reconnection would give a decreasing are considered, and the one that gives the largest decrease in is allowed to reconnect. This is repeated until no reconnection giving decreasing is possible. 4 The dipole cascade is then allowed to continue using the possibly reconnected dipoles, with the reconnection procedure repeated in each emission.
With this procedure implemented in the Ariadne event generator program, it is now possible to get some realistic estimates of the e ects due to colour reconnections also on the perturbative level in parton showers. In a conventional parton cascade, coherence built into the dipole formulation, require that an emission from a parton is limited to an angular region given by its colour neighbor, so that e.g. subsequent emission from q in g. 2a is limited in angle < qg 2 . If, however, there is another parton closer to q in angle with matching colour, e.g. 
This picture is, however, only valid in the strongly ordered limit, where the emitted parton cannot resolve the individual vertices of the previous emissions. In a Monte Carlo like Ariadne, the cascade is not always strongly ordered, and the e ects of the perturbative reconnections may therefore be somewhat overestimated.
In principle this model could also be used together with the string reconnection scenario in refs. 2, 3] , but although that model only looks at the non-perturbative stage, the model presented here also reconnects strings just after the perturbative cascade, which means that the two overlap and, in the following, the standard string fragmentation as implemented in Jetset 18, 19] , without reconnections, is used.
3 Event Shapes at LEP 1
At LEP, the e ects of colour reconnections should be small. First of all, the e ects are suppressed by 1=N 2 c . But also, it can only a ect emissions softer than the two hardest gluons, suppressing the e ects with 2 S . In addition, the concept of pre-con nement says that colour-connected partons usually are close in phase space which, in the scenario presented here, means that for a given possible reconnection the original colour ow is usually favoured. On the other hand, the measurements of event shapes and particle spectra at LEP have reached very high precision, and the standard parton-shower-based generators, such as Herwig 20] , Jetset and also Ariadne 2 , are known to t these data extremely well (see e.g. ref. 21] ). Therefore it is a reasonable requirement that any change in the underlying models should not change the description of these LEP results.
The mean charged multiplicity is one example of a precisely measured quantity at LEP. It is clear that introducing colour reconnections in Ariadne as described above will decrease the multiplicity in that model, since all changes have the e ect of decreasing the string lengths. To compensate for this, it is of course possible to change the parameters of the string fragmentation in Jetset and retain a good description of the LEP results. Ideally, such a retuning should be done simultaneously for many measured distributions, as in ref. 21] . However, that is a very complicated procedure, requiring a large amount of computing power, and only a crude such tuning will be presented here. table 1 shows the Ariadne description of some event characteristics at LEP. It is clear that the introduction of colour reconnections does a ect most of these characteristics, but that the di erences almost vanish already after a crude retuning. The p ?out distribution in g. 5 is an example of a distribution where this crude retuning failed to reduce the di erences. It is interesting to note that for this distribution, the Ariadne program does not describe LEP data very well 21], and the hardening introduced by the colour reconnections is favoured by data. However, no rm conclusions can be drawn before a more detailed retuning has been done.
W mass determination at LEP 2
At LEP 2, an important task is to precisely measure the mass of the W. One of the methods suggested for doing this is to look at the case where both the W's decay hadronically. By reconstructing jets and assigning them to the di erent W's, the mass of each W can be Again it should be stressed that the e ects of colour reconnections depend heavily on the details of the method used to reconstruct the W mass, and more realistic reconstructions will most likely smear out these e ects. However, now that both the model presented here and the non-pertubative reconnection model in ref Recently there have been attempts to explain the rapidity-gap events without the introduction of the pomeron, using instead colour-reconnection arguments. One such model 7] looks only at the O( S ) boson{gluon fusion (BGF) process, and assumes that the formedpair can exchange soft gluons with the proton remnant, as in g. 6a. In the following this model will be referred to as the Leading Order Reconnection (LOR) model. With a probability of 1=N 2 c , thepair is left in a colour singlet state after one or many such exchanges, and in that case thepair would hadronize independently from the proton remnant, leaving a large gap in rapidity without hadrons. In ref . 7] it was found that the LOR model could describe the rate of rapidity-gap events as well as the distribution of the mass m X of the struck system. However, the soft gluon in g. 6a is exchanged very \late" in the process and can therefore not prevent any extra perturbative gluons from being radiated. And it is clear that any such gluon radiation, also very soft emissions, e.g. from the incoming gluon g, could easily destroy the rapidity gap between thepair and the proton remnant, and also alter the m X distribution. In other words, the LOR model relies on the exchange diagram of g. 6a, which may create rapidity gaps, but disregards completely the equivalent diagrams in g. 6b, which may destroy the gaps again.
For the model to be meaningful, it is therefore important to also include higher order corrections, preferably using an \all order" scenario such as the parton cascade approach. This has been done in the Soft Colour Interaction (SCI) model of ref . 8] , where the Lepto 25] event generator was used to estimate higher order e ects. Here, starting from the O( S ) matrix element, initial-state and nal-state parton showers are added to produce multi-parton states. These partons forms strings, which are then hadronized using the string-fragmentation implemented Jetset. Typically, in the case of the ? g !process, there are two strings, one connecting the q via radiated gluons to the proton remnant, which is split into two parts, and one connecting the q to the remnant in the same way, and a large rapidity gap would be highly unlikely. In the SCI model, colour reconnections between the partons are allowed before the hadronization by allowing for non-perturbative exchange of soft gluons between the produced partons and the proton remnant with a xed probability R 0:2.
There are a number of potential problems with the SCI model. First of all, the initialstate shower implemented in Lepto is based on conventional Altarelli{Parisi, or DGLAP, evolution 26{29], and there are serious doubts whether such showers are applicable in the case of the small-x processes that make up the bulk of the rapidity-gap events at HERA. Also there are no additional constraints on the colour reconnections, which may lead to (from a perturbative point of view) highly unlikely string con gurations, where a string can go back and forth in rapidity. In addition, since the initial-and nal-state showers are completely independent, the model does not include gluon emission diagrams equivalent to the gluon exchange diagram responsible for the reconnections. Finally the approach is very sensitive to where the parton shower is cut o . Nevertheless, choosing a cuto in virtuality of 4 GeV 2 , a reconnection probability of R 0:2, the model can correctly describe the amount of rapidity-gap events and also the distribution in m X of these events.
In the DCM, in the case of the BGF process, the QCD cascade is described in terms of dipole radiation between two dipoles, one between the q and one part of the proton remnant, and one between the q and the other part of the proton remnant. These two dipole-systems are normally treated completely independently. But when the colour-reconnection model presented in this paper is introduced, there could occur some cross-talk. The radiation from a given dipole treats the two diagrams in g. 6b coherently. In the Sudakov form factor used in the generation of emissions, which corresponds to summing up all virtual diagrams of the same order as the emission, the diagram in g. 6a is therefore in principle included, which could motivate reconnections between the two dipole-systems.
Since the magnitude and the e ects of additional hard gluon exchange is not well known, in this paper, reconnections between the systems will only be allowed after the perturbative shower (while reconnections within each system will be allowed earlier). This also makes the comparison with the SCI model more straight forward. It is clear that allowing reconnections early in the cascade would increase the number of gap-events. Below, this e ect is instead achieved by increasing the cuto in the cascade.
Disregarding the reconnections within the two systems, which should not be important for HERA, this model may look very similar to the SCI model. However, there are important di erences:
Contrary to the LOR and SCI models, the DCM does include the real emission diagram, corresponding to the interference between the diagrams in g. 6b, equivalent to the virtual exchange diagram of g. 6a responsible for the creation of large rapidity gaps.
Also, in the initial-state parton shower used in the SCI, the emissions are strongly ordered both in virtuality Q 2 and momentum fraction x. At HERA, where the bulk of events are at small Q 2 and x, this means that the cascade very quickly \runs out of virtuality", resulting in very little radiation at large rapidities (large x). In the DCM, however, the cascade is unordered in x (or conversely, if the emissions are traced in increasing x, unordered in virtuality), leading to much more perturbative radiation in the forward region, as explained in more detail in ref . 30] . Such an unordered shower is believed to be more appropriate at small x, and resembles in this sense the so-called BFKL evolution 31, 32] . The e ect is very clear in g. 7, where the number of gluons per unit of rapidity is shown for Lepto and Ariadne.
Because of the lack of perturbative radiation in the forward region, the Lepto program has, in the past, not been able to reproduce the large transverse energy ow in this region measured at HERA 33, 34] . However, the latest version of Lepto perturbative treatment of the remnant in the case of sea-quark interactions, which, together with the extra \wrinkling" of the strings introduced by the SCI model as explained above, allows the program to describe the transverse energy ows correctly.
In g. 8, the result for the rate of rapidity-gap events at HERA is shown for the SCI model, for the colour-reconnected DCM presented here, and for the pomeron-inspired model of ref. 23] , which is the default in Ariadne. It is clear that the DCM gives much fewer events with large rapidity gaps than the SCI model and the default Ariadne, which both reproduce data fairly well. The reason is, of course, that the DCM radiates more gluons in the forward region, lling up potential gaps.
In the DCM, just as in the SCI model, the result is dependent on the cuto in the cascade; indeed, changing the cuto in transverse momentum from the default 0.6 GeV to 2 GeV reduces the number of gluons emitted, and slightly increases the number of events with large rapidity gaps as in g. 9. However, examining the distribution in m X of such events in g. 10, the 1=m 2 X behaviour found at HERA is not reproduced.
In the DCM, for each gluon emission, there is a possibility of emitting an extra so-called recoil gluon, which absorbs some of the transverse recoil from the truly emitted gluon, as is explained in detail in ref . 13] . These recoil gluons are usually very forward in rapidity, and will decrease the probability of obtaining a large rapidity gap. Although these recoil gluons are natural in the DCM, they are arguably a bit foreign to a normal parton shower scenario. In general, however, they do not a ect the behaviour of the cascade very much, and in g. 9 it is shown that omitting such gluons does not increase the number of rapidity- gap events very much and, more important, in g. 10 it is shown that the m X distribution is not a ected.
So, even if the rate of rapidity-gap events could be reproduced with the colour-reconnected DCM, by increasing abnormally the cuto in the cascade and/or increasing the reconnection probability above 1=N 2 c , the distribution of perturbative gluons in the DCM is such that the m X distribution found in such events cannot be described.
Conclusions
In all the cases studied in this paper, the e ects of the colour-reconnection scenario presented for the Dipole Cascade Model are rather small. This does not imply that such colour reconnections are totally unimportant. At LEP, where the huge amount of statistics allows for very precise measurements of event shapes and particle spectra, the e ects of colour reconnection can still be noticeable, although more detailed studies need to be done. For a precise determination of the W mass at LEP 2, the colour-reconnection e ects enter as an additional theoretical uncertainty, which may be small compared with the statistical and other systematical errors, but not completely negligible.
At HERA, DIS events with large rapidity gaps have attracted a great amount of attention. This paper has shown that the multitude of such events cannot be explained by colour reconnections within the framework of the DCM. In addition, the DCM is the only QCD cascade model available today, which uses an unordered evolution scenario, which is assumed to be the appropriate way of describing small-x nal states, and it was shown that, because of this lack of ordering, the distribution of gluons is such that neither the rate nor the properties of rapidity-gap events can be explained in terms of colour reconnections. However, as long as models based on completely ordered evolutions can be made to reproduce measured data, such as the transverse energy ow, with the help of non-perturbative models, the colour reconnection scenario of ref. 8 ] cannot be completely ruled out.
The main purpose of this paper was to describe the way colour reconnections are implemented in the Ariadne program, so that it can be used as a tool for exploiting all kinds of colour-reconnection phenomena. There are a number of possibly interesting aspects of colour reconnection, which have not been mentioned here. In particular, it is possible to look for direct signals of reconnected events, such as the ones described in ref. 12 
